Introduction

Results and Discussion
The dorsal-ventral axis of the Drosophila embryo is esComplex Formation, Crystallization, tablished by maternal effect genes that direct the spaand Structure Determination tially graded transfer of Dorsal, a Rel family NF-B homoAmino-terminally hexahistidine-tagged death domains log, from the cytoplasm to nuclei at the syncytial of Pelle (residues 26-129, Pelle-DD) and Tube (residues blastoderm stage (Belvin et al., 1995) . The events that 1-184, Tube-DD) from D. melanogaster were expressed lead to nuclear localization of Dorsal are initiated at the as recombinant proteins in E. coli. Histidine tags were plasma membrane, through recruitment of the serine/ removed from both proteins before the final purification threonine kinase Pelle upon activation of the transmemstep. A stoichiometric complex of Pelle-DD:Tube-DD brane receptor Toll. It is believed that Pelle is recruited can be obtained by coincubating the two proteins. The to the plasma membrane by the adaptor protein Tube apparent molecular mass of the complex, as determined (Großhans et al., 1994; Galindo et al., 1995; Towb et al., by size exclusion chromatography and equilibrium ultra-1998), which itself translocates to the membrane upon centrifugation, is consistent with a Pelle-DD:Tube-DD Toll activation. Acting through a kinase cascade, Pelle dimer (data not shown). The dimer is stable and does effects the phosphorylation and consequent degradanot dissociate upon subsequent rechromatography. tion of Cactus, an IB homolog that otherwise sequesCrystals of Pelle-DD:Tube-DD grow as rectangular ters Dorsal in the cytoplasm (Reach et al., 1996) . Couprisms in space group P2 1 2 1 2 1 and contain two molepling through different Rel family transcription factors, cules of each domain in the asymmetric unit (Table 1) . Pelle and Tube also mediate the innate immune reDiffraction from these crystals can be detected to 1.9 Å sponse of Drosophila toward fungal infection (Lemaitre resolution using a high-intensity synchrotron source. et al., 1996). In mammals, paralogs of these proteins The structure was determined by the multiwavelength have been identified that mediate a variety of cellular anomalous dispersion (MAD) method (Hendrickson, and innate immune responses (Medzhitov and Janeway, 1991) , using isomorphous crystals produced with sele-1998; Hoffmann et al., 1999).
nomethionyl Pelle-DD and Tube-DD. Crystallographic phases were determined using a four-wavelength MAD data set measured at the Advanced Light Source (Berke- ‡ To whom correspondence should be addressed (e-mail: sprang@ chop.swmed.edu).
ley, CA) from crystals maintained at 100 K ( Table 1 ). The 
2 dφ} 1/2 , where F 1 is the structure factors at the reference wavelength 1 , F i are the structure factors at wavelength i (indicated by a superscript "ϩ") or its Friedel mate (indicated by a superscript "Ϫ"), φ is the phase angle and P 1→i (φ) is the experimental phase probability distribution. e Figure of merit is defined as Ͻ{ ͐ φ P (φ) exp (iφ) dφ}/ ͐ φ P (φ) dφϾ. f R work ϭ ⌺ h ||F obs (h)| Ϫ |F calc (h) || /⌺ h |F obs (h)|, where F obs (h) and F calc (h) are the observed and calculated structure factors, respectively. g R free is the R value obtained for a test set of reflections consisting of a randomly selected 10% subset of the complete data set excluded from refinement. resulting electron density map was of excellent quality, folds with pronounced variation in the length and orientation of helices. Pelle-DD and Tube-DD can be deand all four protein monomers in the asymmetric unit could be traced without ambiguity. The model has been scribed as antiparallel six-helix bundles or as sandwiches with Greek key connectivity. One face of the refined with data extending to 2.0 Å to working and free R factors (Brü nger, 1992) of 0.21 and 0.24, respectively sandwich is formed by helices 1, 4, and 6, and the opposite face by helices 2, 3, and 5 ( Figure 2A ). The cores (Table 1) . The final atomic model consists of two molecules of Pelle-DD (P1, residues 28-129; P2, residues of the molecules are formed by the helical hairpins ␣1-␣2 and ␣4-␣5, which are wedged into each other like a 26-129; in addition to four N-terminal residues, GSHM, derived from the expression vector), two molecules of pair of interlocking scissors. Four of the five most highly conserved residues in the death domain fold, repreTube-DD (T1, residues 23-172; T2, residues 23-175), an ordered HEPES molecule, and 266 water molecules.
sented by residues L87, W90, L101, and F105 in Pelle (Figure 1 ), form the hydrophobic nucleus about which the helical hairpins are packed and fix the spatial relaStructures of Pelle-DD and Tube-DD As predicted from their amino acid sequences (Feinstein tionship between them. Indeed, these four residues can be used to obtain a close superposition of available et al., 1995) (Figure 1 ), Pelle-DD and Tube-DD possess three-dimensional folds that identify them as death dodeath domain structures ( Figure 2B ). This helical core is largely preserved in all members of the death domain mains (Figure 2A) (Table  of Pelle ␣2. The C-terminal extension of Tube inserts three hydrophobic residues (I169, L171, and L173) into 2). The contact surface is roughly orthogonal to the axis of the helical bundles ( Figure 2A ). Insertion of T2A into a cavity between ␣5 and the N terminus of the Pelle-DD and participates in several main chain-side chain the P1:T1 interface obviates certain P:T contacts that are present in the P2:T2 interface ( Figures 3B and 4) . In hydrogen bonds ( Figure 5 ). Negatively charged residues at the C terminus of the Tube extension are disordered addition, the C-terminal residues of T2 adopt a different conformation than those in T1, allowing a more intimate in the structure but would be positioned near positive charges in the Pelle ␣5-␣6 cleft. In total, there are 14 contact with Pelle-DD in P2:T2 than in P1:T1. Consequently, although the two dimers are similar, P2:T2 direct hydrogen bonds and more than 100 van der Waals interactions at the P2:T2 interface. forms a more extensive interface (Table 2) . Subsequent description of the P:T interface focuses on this dimer.
Pelle-DD and Tube-DD contact each other at two disComparison of the Two Dimers in the Crystallographic tinct but adjacent sites in P:T dimers. The first of these Asymmetric Unit is created by the insertion of ␣4 and the following loop Superposition of P1:T1 onto P2:T2 ( Figure 2C ) demonof Pelle into a groove of Tube. One side of the groove strates that the P:T interface is plastic. Structural differis formed by the ␣1-␣2 corner, the other by ␣6 and ences between the two are due to the insertion of a preceding loop ( Figure 4A ). Within this cradle, the C second Tube molecule (T2A) into the P1:T1 interface. terminus of Pelle ␣4 directly abuts the N terminus of T1 accommodates this intrusion by executing a rigid Tube ␣6. These two elements are connected by a body rotation about a fulcrum located near P165 in the pseudo-helical hydrogen bond between the main chain GPG loop. This rotation allows P105 of T2A to intercalate amide of Tube S143 and the carbonyl oxygen of Pelle between I60 and K56 of T1 ( Figure 4B ). With respect to Q93. The side chain hydroxyl of Tube S143 also forms Pelle, the orientations of Tubes in the two P:T dimers a hydrogen bond with the carbonyl oxygen of Pelle G92, differ by a 7Њ rotation about the P→T axis passing and that of Tube D146 interacts with the side chain through Tube P165 ( Figure 2C ). Preserved in the two of Pelle N95. There are, in addition, several polar or P:T dimers are the contacts surrounding the GPG loop charge-charge interactions between residues in the ␣1-␣2 corner of Tube and residues in Pelle ␣1 (Tube E50-of Tube and the direct hydrogen bonds between Pelle and Nü sslein-Volhard, 1984) ( Table 2 ). In such assays, In the crystal lattice, the P1:T1 and P2:T2 dimers are the strength of the phenotype is a qualitative measurerelated by translation and a rotation that tilts the P→T ment of the signaling activity of the mutant Pelle or Tube axes of the two dimers 60Њ with respect to each other molecules. If Pelle or Tube is absent or if they are unable ( Figure 3A) . A strictly translational relationship between to interact with one another, only the most dorsal pat-T1 and P2 is blocked by the extended loop formed by terning elements are formed. A weak Pelle:Tube interacresidues 120-128 of T1. The T1:P2 contact area contains tion that supports low levels of signaling will result in a bound molecule of HEPES buffer that accounts for the formation of dorsal-lateral patterning elements, such a substantial portion of the interaction surface. This, as filzkö rper. Higher levels of Pelle:Tube activity are retogether with the paucity of direct and specific contacts quired to develop ventral-lateral patterning elements, between the domains and absence of Pelle-DD:Tubeincluding ventral denticles. DD aggregate formation in solution, indicates that the Phenotypes generated by RNA injection of mutant T1:P2 interaction is not stable.
Pelle and Tube show that residues at the P:T interface are required for activity in vivo ( about an end-to-end contact between the ␣4 helix of Pelle-DD with ␣6 of Tube-DD. As a potential phosphorylation site by Pelle (Z. Liu, unpublished data), residue S143 of Tube ␣6 is at the center of the dimer interface. This is consistent with the observation that inactivation ., 1995; Edwards et al., 1997) .
It is now apparent that the interaction surfaces for Table 1 ). The MAD data sets were scaled but not Pharmacia Biotech.). Pelle-DD was eluted with a linear 0 mM to 1 merged (option "no merge original index" in SCALEPACK). Local M NaCl gradient. Pelle-DD was concentrated in elution buffer to 10 scaling was performed within SOLVE v. 1.14 as part of the phasing mg/ml using a Centriprep 3 concentrator (Amicon). Final yield of procedure (Terwilliger and Berendzen, 1999). Pelle-DD is 10 mg/5 g wet cells. The protein was flash frozen with liquid nitrogen in 50 l aliquots and stored at Ϫ80ЊC.
Tube-DD was purified as above with the following modifications.
Structure Determination and Model Refinement
The automated structure determination program SOLVE version Thrombin digestion was carried out at a 1:5 (w/w) ratio of thrombin:Tube-DD at 4ЊC for 5 hr. After digestion, protein was loaded 1.14 (Terwilliger and Berendzen, 1999) was used to locate selenium atoms and compute MAD phases. The anomalous scattering factors onto a MonoQ anion exchange column preequilibrated with elution buffer, and Tube-DD was eluted at 150 mM NaCl. Fractions confЈ and fЈЈ were obtained from experimental fluorescence spectra using the program KRAMIG (D. T. Cromer, Los Alamos National taining Tube-DD were subjected to gel filtration chromatography in loading buffer containing 100 mM NaCl to eliminate aggregated Laboratory, unpublished program). The low-energy remote wavelength data set was used as pseudonative data set. Thirteen out of protein. Final yield of Tube-DD is about 3-4 mg/5 g wet cells. Recombinant Pelle-DD and Tube-DD contain four and three residues de-20 selenium sites in the asymmetric unit were found, and MAD phasing computations were carried out automatically using SOLVE rived from the expression vector, GSH(M), at their N termini, respectively. v 1.14 with all four MAD data sets. MAD phasing power and figure of merit (FOM) were computed with CNS_SOLVE v. 0.5 (Brü nger To form the Pelle-DD and Tube-DD complex, a 1.1:1 molar ratio of the above purified Pelle-DD and Tube-DD was pooled and dialyzed et al., 1998) ( Table 1) . Program DM (Collaborative Computational Project, 1994) was used to refine phases by solvent flattening (with against the elution buffer (100 mM NaCl), then loaded onto two tandemly connected Superdex-75 and Superdex-200 size exclusion estimated 40% solvent content) and histogram matching, thereby increasing the FOM to 0.80. The resulting map was of excellent columns (Amersham Pharmacia Biotech.). The fractions containing both Pelle-DD and Tube-DD were eluted with an apparent molecular quality, allowing most of the main chain and side chain atoms to be located. The seven selenium atoms not found by SOLVE are weight of 29 kDa, which corresponded to a Pelle-DD:Tube-DD dimer. Pooled fractions were concentrated with a Centriprep 10 device located in the N and C termini of Tube-DD and Pelle-DD for which no density is discernible. Model building was performed using the in the above elution buffer to 14 mg/ml, frozen, and stored as described above.
program 
